Abstract. Colorectal carcinoma (CRC) is the third most commonly diagnosed cancer in the world. Phytochemicals have become a research hotspot in recent years as cancer prevention and treatment agents due to their low toxicity and limited side-effects. Ellagic acid (EA), a natural phenolic constituent, displays various biological activities, including anticancer effects. However, the detailed anticancer mechanisms of EA remain unclear. In the present study, we found that EA inhibited the growth of HCT-116 colon cancer cells. Moreover, we identified differentially expressed genes (DEGs) by microarray profiling of HCT-116 cells treated with EA. A total of 857 DEGs (363 upregulated and 494 downregulated) were identified with a >1.5-fold change in expression after treatment with EA for 72 h. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed that a large number of cellular functions were modified by EA including proliferation, apoptosis, cell cycle and angiogenesis. Interaction network analysis using DEGs provided details of their interactions and predicted the key target pathways of EA. To verify the result of cDNA microarray, 10 selected DEGs related to proliferation, apoptosis or cell cycle were further confirmed by real-time RT-PCR. Based on microarray data, we identified several crucial functions of EA. These results provide important new data for EA in anti-CRC research.
Introduction
Colorectal carcinoma (CRC) is the third most common cancer and the second leading cause of tumor related deaths in the world (1) . Given the global distribution of morbidity from CRC, it is apparent that the environmental factors play a significant role in its etiology. The connection between the diet and the incidence of CRC is now well-established (2) . Although surgery, radiotherapy, chemotherapy and targeted therapies for CRC are improving, the existing treatment methods cannot completely control the high incidence or low survival rates of CRC. Chemoprevention has emerged recently as one of the most practical and effective tools to reduce the risk of cancer (3) . Bioactive substances from plants are a source for novel antitumor drugs, and polyphenolic compounds, in particular, have been the focus of increasing interest due to their strong anticancer activity (4, 5) .
Ellegic acid (EA; 2,3,7,8-tetrahydroxy-chromeno [5,4, 3-cde] chromene-5,10-dione; International Union of Pure and Applied Chemistry) is a polyphenolic compound abundant in woody plants, berries, grapes and nuts (6) . EA has been found to exert both preventive and therapeutic effects against numerous human types of cancer, including colon, skin, prostate, breast and esophageal cancer (7) (8) (9) (10) . A number of studies have investigated the mechanisms of EA in the inhibition of carcinogenesis. Recent research has demonstrated that it suppresses cancer cell proliferation and migration by downregulation of VEGF-induced angiogenesis, VEGF-2 tyrosine kinase activity, and downstream MAPK and PI3K/Akt signaling pathways (10) . EA also inhibits the invasive potential of tumors through its effects on the activity of proteases, such as collagenase/gelatinase and collagenase IV (11) . In addition, EA can reduce the cancer cell viability by increasing the caspase-3 activity, downregulating Bcl-2 and decreasing the activity of telomerase (12) . Although these studies focus on the mechanisms of EA in various signaling pathways, they failed to comprehensively encompass all of its biological activities. Moreover, the molecular effects of EA in inhibition of human CRC cells remain to be thoroughly elucidated.
In the present study, we used a high-throughput GeneChip containing >20,000 known genes to identify multiple targets affected by EA in human colon adenocarcinoma HCT-116 cells. This cDNA microarray method detects changes in gene (19) . Scores to assess the enrichment of Gos were calculated using the following formula:
where 'n f ' is the number of DEGs in a Go, 'n' is the number of genes in a GO, 'N f ' is the total number of DEGs, and 'N' is the total number of genes in the annotation system (20) .
Pathway analysis. Pathway analysis is used to determine the significant pathways in which DEGs participate. Since entire biochemical processes, including metabolism, signal transduction and the cell cycle, are described as 'pathways', a single pathway usually contains hundreds of genes. Fisher's exact and χ 2 tests were used to detect regulatory pathways differing significantly according to the Kyoto Encyclopedia of Genes and Genomes (KEGG), BioCarta and Reactome, and significance thresholds were defined by FDR-corrected P-values (21-23).
Interaction networks of DEGs. Gene network analysis using the KEGG database is used to construct systems of interactions and overcome the limitations of determining interactions among genes in a single pathway. Genes with discordant records of upregulation or downregulation of mRNA expression in the database were excluded from the analysis and were recorded as having a negative association by default, which was not taken into account in multi-group differentiation analysis. The intersection was taken as the result. Therefore, gene signaling network analysis was able to determine the upstream and downstream molecules for proteins throughout the KEGG pathway database.
An interaction network was constructed based on the DEG data. Network maps were constructed using Java, which allows users to build and analyze molecular networks. Analysis was based on the KEGG interaction database. Networks were stored and presented as graphs, where nodes are mainly genes (proteins and complexes) and edges represent types of relationships between nodes, such as activation or phosphorylation.
The degree is defined as the number of links of one node with all other nodes. For a gene in a network, the number of source genes connecting to a gene is called its indegree, while the number of target genes connected to by a gene is its outdegree. The properties of genes are described by measures of betweenness centrality, which reflects the importance of a node in modulation of other nodes (24) (25) (26) (27) (28) .
Real-time reverse transcription-PCR analysis.
Changes in the expression of ten selected genes responding to EA were further assessed by quantitative RT-PCR. A total of 2 µg of RNA from independent experiments was used to perform reverse transcription using PrimeScript™ RT reagent kit (Takara Bio, Tokyo, Japan). Real-time quantitative PCR of transcribed cDNA was performed with SYBR Premix Ex Taq™ II (Takara Bio). Primers were designed using Primer 5 software and synthesized by Comate Bioscience, Co., Ltd. (Changchun, China). The primers are listed in Table I . Real-time RT-PCR reactions were then performed in a total of 25 µl of reaction mixture using the ABI Prism 7500HT sequence detection system (Applied Biosystems, Foster City, CA, uSA). Data were analyzed using the comparative Ct method, and the expression levels of target genes were normalized to the levels of β-actin expression in each sample.
Statistical analysis. All data were presented as the mean ± SD of six independent experiments. Two-tailed Student's t-test and one-way analysis of variance (ANoVA) were used to analyze significant differences. P<0.05 was considered to indicate a statistically significant result.
Results
The effects of EA on HCT-116 cell proliferation. MTT assays were used to assess the anti-proliferative effects of EA and to select the appropriate concentration of EA and treatment duration for the microarray assay. As shown in Fig. 1 , HCT-116 cells were incubated with different concentrations of EA for 24, 48 or 72 h. EA exhibited anti-proliferative effects, which were both time-and dose-dependent.
Screening for differentially expressed genes. After treatment of HCT-116 cells with 100 µM EA for 72 h, microarray analysis indicated that a total of 857 genes had expression levels changed by ≥1.5-fold (494 upregulated and 363 downregulated) ( Fig. 2; P<0 .05). The top 10 DEGs are presented in Table II .
GO analysis.
Comprehensive Go analysis of DEGs was performed to determine the main functions of EA in cancer inhibition. Thirty-eight Go terms significantly associated with differential gene expression after EA treatment ( Fig. 3 ; P<0.05) were classified into key functional categories. The main Go categories identified included regulation of the apoptotic process, cell division, signal transduction, negative regulation of cell proliferation, gene expression, transcription and cell cycle arrest. Larger enrichment values indicate that the functions were affected more strongly by EA treatment.
Pathway analysis of DEGs. KEGG pathway analysis was performed to further investigate the key pathways associated with DEGs. Significant pathway categories (P<0.05) for the 857 DEGs linked to EA are presented in Fig. 4 . Larger -Lg (P-values) indicate that the function was more strongly regulated in response to treatment with EA. Treatment with EA clearly affected 24 significant pathways, including the p53 signaling pathway, metabolic pathways, the PI3K-Akt signaling pathway, the MAPK signaling pathway, the TGF-β signaling pathway and the cell cycle and transcriptional misregulation in cancer.
Interaction networks of DEG. Interaction-relationship networks of DEGs were constructed and are shown in Figs. 5 and 6. DEGs of interest were closely connected, and the majority of them were located in the center of the network. Betweenness centrality indicated the intermediary ability of each gene, and a larger value indicates a greater ability to regulate genes. Fig. 6 shows the interaction network of DEGs related to proliferation, apoptosis, angiogenesis and cell cycle. These DEGs include a number of important functional genes such as PRKACB, IL8, JuN, CDC20 and CCNB1.
Real-time reverse transcription-PCR analysis. The next step was to confirm the changes of genes in microarray analysis by the real-time RT-PCR analysis. We selected 10 genes (3 upregulated, 6 downregulated and 1 no change by microarray data) which were related to proliferation, apoptosis or cell cycle. Nine out of the ten gene expression levels were verified by the real-time RT-PCR. This represents a success rate of 90% in microarray analysis. However, when the relative ratio of change for genes in microarray exceeded 2, the success rate became 100% (7 out of 7). The results are shown in Table III . 
Discussion
Chemoprevention is emerging as an effective method for inhibiting cancer cells. Many plant polyphenols exhibit substantial inhibitory activity against the growth of colon cancer cells in vitro and against colon carcinogenesis in animal models (29) . EA is regarded as one of the most promising and practical chemopreventive agents against various cancers (30). A previous study showed that the cytotoxicity and anti-proliferative activity of EA against cancer cells was detected at a concentration range that did not affect normal cell viability (31) . In vitro and in vivo experiments have revealed that EA elicits substantial inhibitory effects against CRC, which suggests that edible EA may be of value in treatment or prevention of CRC (32-34). However, the molecular mechanisms at the protein and transcriptional levels involved in the cellular response to EA are not yet completely understood. Therefore, it is important to reveal the targets and molecular mechanisms of EA induced inhibition of CRC cell growth. To this end, we used microarray profiling, which has provided remarkable insights in many areas of modern medical research (35) . The colon adenocarcinoma cell HCT-116 is widely investigated as a reliable model to check their anti-proliferative properties for various drugs (36, 37) . The growth inhibitory effects of EA on colon cancer cells have been previously reported at concentrations ≥100 µM in vitro studies (36) . The present study showed that IC 50 of EA on HCT-116 cells was 90.20 µM (data not shown). Thus, we chose 100 µM as the treatment concentration. In addition, based on literature, 72 h after the treatment is the time-point often used for microarray experiment of antitumor drugs, including the EA, by evidence of significant changes of gene expression and morphology (35, 38) . Preliminary screening for DEGs identified 857 genes (494 upregulated and 363 downregulated) in HCT-116 cells after 72 h of exposure to EA, which are the colon adenocarcinoma cells widely investigated as a reliable model to check their anti-proliferative properties for various drugs. Among the top 10 DEGs in HCT-116 (Table II) , Carboxypeptidase 4 (CPA4) is a zincdependent metallocarboxypeptidase on chromosome 7q32 in a region linked to prostate cancer aggressiveness. CPA4 is involved in the histone hyperacetylation pathway and may affect the growth and regulation of prostate epithelial cells (39) . Centrosome-associated protein E (CENPE), a kinesin-like motor protein that accumulates in the G2 phase of the cell cycle, selectively leads to proliferation inhibition of basal-like breast cancer cell lines when inhibited. A study suggested that CENPE may be an effective therapeutic target for patients with triple-negative/basal breast cancer (40) . At present, the relationships between the top 10 DEGs and the other common DEGs in the KEGG pathway database are rarely reported. Thus, they are not emerging from the results of the DEG interaction networks, making these genes important targets for our future research.
GO category analysis (Fig. 3) is becoming a standard procedure following many high throughput experimental studies, and it suggests novel hypothesis for follow-up works (41) . Many key targets in CRC development and progression were identified as significantly regulated by EA. According to the P-values of each GO category, we found that the three most important functions regulated by EA were apoptotic process, cell proliferation and cell cycle arrest.
KEGG pathway analysis is the significant analysis of pathways in which these DEGs participate. our results demonstrated 24 regulated pathways by EA, most of which are related to the apoptotic process, cell proliferation, or cell cycle arrest. EA can activate the PI3K/Akt pathway, which modulates Bcl-2 family proteins leading to an induction of apoptosis (42) . EA also arrests the cell cycle of Caco-2 cells at the S-and G2/Mphases through regulation of key genes in the MAPK pathways including EGFR, KRAS, MYC, FoS and CCNB1 (42) .
According to the results described above, we constructed gene-gene interaction networks (Figs. 5 and 6 ) to investigate the relationships among the groups of genes. The results indicate that some established key genes play important roles in the mediation of the effects of EA treatment, including IL8, ETS1, JuN and CCNB1, which are involved in cell cycle arrest (43) . IL8 is a chemokine which acts on a common receptor, CXCR3, to increase cell migration (44) . EA also reduced the levels of CCNB1 protein, which is involved in the control of the G2/M transition and mitosis in CRC cells (42, 45) . Moreover, EA can inhibit cell proliferation in bladder cancer by downregulation of c-Jun, a subunit of activation protein 1 (46) . However, since signaling pathways are interactive and complex, modulation of a single target is not always effective in cancer prevention and multi-targeted therapy is expected to improve treatment effectiveness. Further detailed analyses demonstrate that EA suppression of colon cancer HCT-116 cells is through simultaneous regulation of the expression of functional cancer target genes, including PRKACB, CCNB1, CDC20, JuN, MEF2C and IL8. Most of them are interacting and involved in the apoptotic process, cell proliferation or cell cycle arrest. Protein kinase C (PKC) is critical to cell proliferation, and the anti-carcinogenic action of EA has been confirmed to downregulate PKC (47) . EA also inhibits the expression of markers of angiogenesis, including IL-8, VEGF and VEGFR, in mouse xenografts of the human pancreatic cancer cell line, PANC-1 (48) . Moreover, the relative expression changes (ratio treated/control) of some functional genes were confirmed by RT-PCR (Table III) . It is highly likely that these are the most important key targets of EA in HCT-116 cells.
These results showed that EA may play important roles in inhibiting CRC by regulating multiple targets and modulating key signaling pathways and fundamental cell processes. The results of the microarray analysis also implicate the immune response, DNA replication, and metabolism in responding to EA. A recent study found that EA induced cancer cell death by blocking energy metabolism (49) . EA also significantly reduced the proliferation of human osteogenic sarcoma (HOS) cells by degrading chromosomal DNA (50) . These altered functions will be the subject of our future research.
In conclusion, this study provided preliminary evidence of the antitumor effects of EA treatment on CRC cells. Microarray profiling demonstrated multiple effects of EA and provided a number of avenues for further research. Based on the results of microarray, further studies are needed to validate the multiple functions of EA and provide evidence to support its application in prevention and therapies for human CRC. Table III 
